MXene, a new 2D transition metal carbide-based material, possesses excellent electrical conductivity and hydrophilicity. In this study, Ti 3 C 2 T x (where T represents a functional group (O, OH, and/or F)) was produced by etching and ultrasonicating Ti 3 AlC 2 . Then, it was used to prepare the MXene composite membrane via a simple filtration method performed at 0.2 MPa on a polyethersulfone (PES) ultrafiltration membrane. The MXene composite membrane shows excellent flux (115 L m À2 h À1 ) and favorable rejection to Congo red dye (92.3% at 0.1 MPa). The membrane demonstrated rejection to inorganic salts below 23% with flux above 432 L m À2 h À1 at 0.1 MPa. Due to its loose lamellar structure, the composite membrane is able to demonstrate efficient permselectivity in the separation of dyes from salts.
Introduction
Polymer membranes have been widely used in the process of wastewater treatment and desalination due to their excellent permselectivity, mechanical properties, and relative low cost.
1
In order to further improve the thermal resistance, fouling resistance and other performance parameters of such polymer membranes, substantial effort has been made including crosslinking, 2,3 hydrophilic modication of membrane material 4 and fabrication of mixed-matrix membranes (MMMs). [5] [6] [7] A heterogeneous MMM consists of an inorganic ller embedded in a polymer matrix and combines the superior permeability and selectivity of inorganic membranes with the processability of polymeric membranes; thus, it shows great advantages in membrane-based gas separations and pervaporation.
8 Graphene oxide (GO) membranes have been demonstrated to function as effective barriers for gas and liquid separations.
9-12
Several breakthroughs relating to GO-based membranes have been achieved, demonstrating that GO is a promising membrane material for gas and liquid separation because of its distinctive 2D structure. However, the ux of GO membranes is relatively low because of the small interlayer spacing that results under pressure; for example, the ux of the GO membrane in ref. 10 is about 1702 g m À2 h À1 under vacuum conditions. A hydration effect would destroy the hydrogen bonds within the membrane and its layer spacing would become larger. Therefore, the separation performance of GO membrane would be unstable. Zhang et al. developed a crosslinking method to enhance the ux of GO membranes without sacricing the rejection rate. The GO-IPDI membrane exhibited a high ux of 80-100 L (m 2 h bar) À1 under a low external pressure (1.0 bar). It exhibited a high rejection rate (above 96%) for Congo red dye. 13 Recently, a large family of 2D materials named 'MXene' has attracted signicant research interest because they exhibit hydrophilic surfaces, good structural and chemical stability and excellent electrical conductivity. [14] [15] [16] MXenes are a type of layered 2D materials, which are oen produced with MAX phase (where M represents an early transition metal, A corresponds to III A or IV A group elements, and X is C or N) powders in HF solutions at ambient temperatures, followed by Al etching. Nowadays, Ti 3 C 2 T x (where T represents O, OH, and/or F groups while x is the number of the terminating groups) is more commonly studied because it is easier to prepare; the synthesis involves etching Ti 3 and a favorable rejection rate (over 90%) for molecules with sizes around 2.5 nm using a lter ask under a vacuum of 0.1 MPa. 23 Herein, the Ti 3 C 2 T x was produced by etching and ultrasonication of Ti 3 AlC 2 and utilized to prepare the MXene composite membrane by a simple ltration method at 0.5 MPa on a exible polyethersulfone (PES) ultraltration membrane, thus broadening the range of application. The prepared membrane has extremely high ux and high rejection to Congo red dye. Simultaneously, the membrane preparation process can be easily scaled up and the functional layer is very stable to hydraulic ush.
Experimental

Materials and instruments
The average particle size of the Ti 3 AlC 2 used in the experiment is about 3 mm (98%, Beijing Fusiman). A PES ultraltration membrane with MWCO (10 000) was prepared using the phase inversion method. The concentration of the hydrouoric acid (HF) solution used was 49 wt% (Aladdin). All other chemicals were of analytical grade and used without further purication.
Membrane preparation
The Ti 3 C 2 T x was produced by etching of Ti 3 AlC 2 with 49% HF at 50 C for 4 h, followed by ltration. Then, the ltrate was neutralized to at least pH 6 and dried in the air at room temperature. Further, it was delaminated in DMSO via ultrasonication for 20 h. Then, the solution was diluted to 1 g L
À1
and ltered through a PES UF membrane in a dead-end membrane set-up. The ltration was processed at 0.2 MPa with continuous stirring. The membrane area was determined to be 48 cm 2 and the inuences on the membrane performance and morphology were studied by adjusting the MXene content.
Membrane characterization
The performances of the membranes are primarily described by their product water ux, J, and rejection, R. The membranes were characterized in a dead-end membrane module aer they were pretreated under a pressure of 0.3 MPa for 30 min. The membrane performances including water ux, salt rejection (1 g L À1 ) and dye rejection (100 ppm) were measured under a pressure of 0.2 MPa at 20 C. The permeation ux,
, is calculated as follows:
where V is the total volume of the water or solution permeated during the experiment; A (m 2 ) is the membrane area; and t (h) is the operation time. Rejection, R, is calculated using the following equation:
where
are the concentrations of the permeate solution and the feed solution, respectively. All the experiments to determine ux and rejection were repeated three times. The relation standard deviation of the data was lower than 15%. The contact angle of the membrane surface was tested with a contact angle meter (WCA, SL200KB). Membrane rejection was tested with a conductivity meter (DDS-11A, Shanghai rex electric chemical instrument co., LTD) and UVvis Spectrophotometer (721, Shanghai Youke). The material and membrane morphology was observed using scanning electronic microscopy (SEM, NanoSEM 450, FEI), and main elements were detected using INCA EDX.
Results and discussion
Characterization of the membrane material MXene
The Ti 3 C 2 T x was produced by etching Ti 3 AlC 2 with 40% HF at room temperature for 12 h, followed by ltration. Then, the ltrate was neutralized to at least pH 6 and dried in the air at room temperature. The Ti 3 C 2 T x was ltered through a PES membrane supported with a non-woven fabric to obtain MXene/ PES composite membrane as shown in Fig. 1 . The morphology of the material was observed using SEM (Fig. 2) . The particles of Ti 3 AlC 2 are very dense with layered structures and the layers are clearly connected. Following treatment, the Al layer of Ti 3 AlC 2 was reacted with HF. It can be observed that the lamellar Ti 3 C 2 T x was successfully produced with enlarged interplanar spacing.
EDS results, indicating the variation in Al/Ti atomic ratio, is another powerful evidence reecting etching effect. As shown in Fig. 2 , the amount of elemental Al decreased clearly aer the treatment with HF. The Al/Ti atomic ratio declined from 0.7 to 
Characterization of the as-prepared MXene composite membrane
In order to prepare the MXene/PES composite membrane, MXene was delaminated in DMSO via ultrasonication for Table 1 . It is found that the water drop would immediately spread over the membrane surface. This could occur because the MXene has excellent hydrophilicity for the -OH group and the nano-sized channels in the MXene sheets would absorb signicant amounts of water. The morphologies of the composite membranes are shown in Fig. 3 . The composite membranes display good exibility and the functional layer would not peel off the support membrane under ambient temperature. The top surface of the composite membrane, under 10 000Â magnication, reveals the rough structure. Most of the particles are closely stacked, inferring the good permselectivity of the composite membrane. With an increase in MXene content, the morphology changes slightly since the same membrane material is used. As shown in Fig. 3 , the inorganic particles are stacked within the surface of PES membrane with the non-woven fabric. The thickness of the functional layer is increased, which, in turn, increases the mass transfer resistance and decreases the defects of the composite membrane.
The membrane top surface of M3 was scanned by EDX and the elemental maps are shown in Fig. 4 . The elemental maps show that all elements are distributed homogeneously with the content of element Ti shown to be sufficient. Al is also observed in the elemental map probably because the inner Al was not completely etched by the HF due to its low concentration.
The performance of the MXene composite membrane
As shown in Fig. 5 , the performance of membranes with different MXene contents was investigated and along with that of the supporting membrane. The 100 ppm Congo red dye (697 Da) solution was used as the testing solution. The supporting membrane has a rejection of 10.7% to the dye and the ux is about 114.9 L m À2 h À1 at 0.1 MPa. With the increase in MXene content, the rejection to dye clearly elevated; the membrane ux initially increases and then declines. The supporting membrane possesses satisfactory rejection to dye and low ux. This can be interpreted by the hydrophobic nature of the membrane causing the adsorption of the dye molecules to reduce the ux of the membrane. The introduction of MXene particles into the membrane surface improves the hydrophilicity of the membrane and signicantly lowers the membrane fouling.
Only a few dye molecules are adsorbed in the membrane pores. Therefore, the membrane ux initially improves. With a further increase in MXene content, the resistance of mass transfer increases and the membrane ux is decreases. When the MXene content is increased to 0.2 g, the membrane shows high rejection (92.3%) and high ux (115 L m À2 h À1 ) due to the dense and defect-free functional layer ( Fig. 6-8) .
The membranes were also tested with 1 g L À1 MgCl 2 solution at 0.1 MPa. It was found that the supporting membrane has no rejection to the inorganic salt MgCl 2 and the membrane ux is very high (about 810 L m À2 h À1 ). When MXene was introduced in the membrane surface, the rejection to MgCl 2 increased, but remained below 23%, while the ux clearly declined with MXene content. At the same operating pressure, the membrane ux for MgCl 2 is about 4 to 6 times that tested with the dye solution. This phenomenon is common because the dye molecules would accumulate in the membrane pores, thus improving the ow resistance substantially. The high ux of the composite membrane indicates that the MXene membrane exhibits a very loose lamellar structure, which provides a good ow channel for the solution. The membranes were further tested with Na 2 SO 4 and NaCl solutions to analyze the separation performance of the composite membrane. The membranes showed high ux (above 432 L m À2 h À1 ) and low rejection to inorganic salts at 0.1 MPa. The ux decreases and rejection to salts increases with an increase in MXene content. The MXene composite membrane prepared with 0.2 g MXene has relatively high permselectivity. Therefore, it was tested with another dye, Gentian violet (408 Da). In this case, the membrane also showed high rejection (80.3%) and ux (about 117.6 L m À2 h À1 ). As shown in Table 2 , the membrane demonstrates large difference in the rejection of the dye molecule and that of the inorganic salt. Therefore, it is very highly suitable for dye desalination and wastewater treatment.
Conclusions
In conclusion, a type of a 2D MXene/PES composite membrane based on stacks of MXene nanosheets was prepared successfully by ltration on a PES UF membrane at 0.2 MPa. The membrane material was characterized using SEM and EDX. The prepared Ti 3 C 2 T x has a delaminated structure and a low Al/Ti ratio aer HF etching. The MXene membranes have rough and dense surface layers and uniform element distributions. The MXene membrane exhibits an increased rejection to dyes and inorganic salts with the increase in MXene content. When the MXene is 
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